Hybrid and multi-compartment carriers are of significant interest for the development of next-generation therapeutic drug carriers. Herein, fundamental 
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physically encapsulated within the lumen, while in an acidic environment the cationic PDPA segment forms a complex with the negatively charged phosphate groups of the DNA. Liang et al. developed PDPA-based polymer capsules that were stabilized with a redox-responsive crosslinker to obtain a dual responsive system. 13 In contrast to other responsive delivery systems, 15, 16 such capsules can exploit the synergistic effects of both pH and redox stimuli within cells to achieve efficient cargo release. Despite having biologically-responsive properties, single-component or "naked" PDPA capsules are hydrophobic at physiological pH, and hence are expected to demonstrate poor fouling behavior when exposed to serum. 5, 17 This is problematic because just as phagocytic cells (e.g., macrophages and monocytes) remove foreign material from the body to protect it against infection, they also recognize therapeutic biomolecules and delivery systems as foreign materials, removing them from the body. 5 Therefore, it is crucial for carrier systems to possess low-fouling properties to avoid opsonization, and therefore prolong blood circulation lifetimes for efficient delivery to target sites. 17 In this work, we describe a hybrid polymer capsule system that combines the low-fouling properties of a poly(N-vinylpyrrolidone) (PVPON) system recently reported by our group, 18, 19 with the pH-responsive capability offered by PDPA to produce a novel multifunctional therapeutic carrier. The polymer capsules were formulated by assembling alkyne-modified PDPA (PDPA Alk ) and PVPON (PVPON Alk ) onto colloidal silica templates using the layer-by-layer (LbL) approach. The ratio of PDPA Alk to PVPON Alk layers in crosslinked films was systematically varied, and the resulting film properties were investigated. To understand the film properties, we first studied the single-component and hybrid films using planar techniques (i.e., QCM and AFM). This was later translated onto colloidal systems to study the shrinking/swelling 5 behavior of the capsules at different pHs. We also verified the charge-shifting properties of PDPA on the cargo retention ability of the capsules by loading the capsules with a biomolecule, and monitoring the retention over 48 h. Finally, protein-fouling experiments were performed on the capsules to validate the low-fouling characteristics of PVPON. This fundamental study demonstrates that the specific functional properties of individual systems can be engineered into a single entity. More importantly, it highlights the potential advancement of hybrid systems in satisfying different biological requirements to overcome limitations in existing capsule systems.
Experimental Section
Materials. were performed using accompanying JPK image processing software and algorithms.
Polymer Capsule Preparation. Polymer capsules were prepared in 0.05 M NaOAc buffer (pH 4) in a similar way to a previously reported protocol. 19 Depending on the system, after depositing precursor PVPON and PMA (0.05 M NaOAc buffer at pH 4)
onto SiO 2 templates (2.59 µm-diameter for PVPON and hybrid systems, 5.28 µm-diameter for PDPA capsules), subsequent layers were assembled using alternating layers of PDPA Alk or PVPON Alk and PMA. The assembly pH was chosen to ensure that PMA (pK a ~6.5) was protonated and can interact with PVPON via hydrogen bonding. 18 
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For PMA/PDPA Alk assembly, this solution pH also ensures that PDPA is below its pK a of 6.4 and is cationic, thus electrostatically interacting with negatively charged PMA. min. This value for achieving particle surface saturation by DNA was previously reported. 21 After adsorption, the samples were washed with 30% 0. were incubated with 1 mg mL -1 protein in PBS buffer (pH 7.4) at room temperature for 2 h, with constant mild agitation. The capsules were then washed with PBS buffer and measured using flow cytometry for any associated fluorescence. Each experiment was performed in triplicate.
Results and Discussion
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Film assembly was based on the widely-reported LbL technique. 22, 23 Hybrid polymer films consisting of PDPA Alk , PVPON Alk , and PMA, were prepared (Scheme 1).
Multilayer film assembly was performed at pH 4 to facilitate film buildup via both electrostatic interactions and hydrogen bonding between PMA and PDPA Alk , 13 while PVPON Alk was deposited as the capping layers via hydrogen bonding with PMA. The ratio of PDPA Alk to PVPON Alk layers in the films was systematically varied. The alkyne-modified layers were crosslinked via "click" chemistry using a reducible bisazide crosslinker, as described in previous work. 19 For the preparation of hollow capsules, the particle support (i.e., silica particles), along with the sacrificial PMA, were removed to form hybrid PDPA Alk /PVPON Alk capsules. We have reported in our previous study on PDPA capsules that PMA readily diffuses out of the capsules upon increasing pH. suggesting regular multilayer film growth. In all cases, the dissipation-to-frequency ratios of the films were low (< 1 × 10 -6 per 10 Hz), and thus the Sauerbrey equation is applicable. 20 As such, the film buildup is reported both as a frequency change and absolute mass. The mass deposited for PVPON Alk was approximately 50% more than PDPA Alk . This could be attributed to the swelling of hydrophilic PVPON with associated water molecules. 24 The buildup also demonstrated that the amount of material deposited for each layer was equivalent (within experimental error). In the hybrid system where PMA/PDPA Alk and PMA/PVPON Alk were deposited 14 consecutively, the film buildup reflected the corresponding trends of the singlecomponent systems with a higher increase in frequency when PVPON Alk was deposited.
This finding suggested that the deposition characteristics of PMA/PVPON Alk was not affected when added to an existing PDPA Alk film. Figure S1 ). This observation could be due to the association of water molecules with hydrophilic PVPON, leading to more swollen and flexible film layers 15 relative to PMA. 24 The decrease in dissipation with every PMA layer also suggested that the PMA layers were more rigid, hence causing the release of hydration water molecules upon deposition. 25 The dissipation trend of PMA/PDPA Alk also suggested the formation of a more rigid PDPA Alk layer ( Figure S1 ).
Film Characterization Using Atomic Force Microscopy (AFM).
To study the structure and surface morphology of the films by AFM, various ratios of Even at the highest ratio of PDPA Alk :PVPON Alk (20:2), the capsules remained stabilized by the two outer PVPON Alk layers ( Figure 4 ). This stabilizing characteristic could be attributed to chain interpenetration. 28 We postulate that the small molar mass PVPON Alk could permeate the inner layers of PMA/PDPA Alk and participate in crosslinking with the bisazide crosslinker to stabilize the bulk films. Hence, the hybrid films lose the responsive shrinking and swelling characteristics. Furthermore, film assembly in the presence of salt or reduced charged density is likely to enhance polymer interpenetration. 29, 30 Under such conditions, PE chains can adopt coiled conformations during deposition, leading to more swollen and porous multilayer 20 films that lead to enhanced interpenetration. In the PDPA 10 -XL 1 -PVPON 2 -XL 2 system, PDPA Alk was first crosslinked, thus consuming the majority of present alkyne groups.
Hence, when the capping PVPON Alk layers were subsequently deposited and the system was crosslinked a second time, less alkyne groups in the PDPA film were available for crosslinking with interpenetrating PVPON Alk . Therefore, these films were stabilized to a lesser extent, and exhibited some shrinking from the template size (i.e., 2.59 µm) to ~2.3 µm. In the PDPA 10 -PVPON 2 -XL system, PVPON Alk could readily permeate through the films and, together with the bisazide crosslinker, participate in crosslinking of the bulk film material, increasing the extent of stabilization. (b) The diameters of each capsule type were determined using fluorescence microscopy;
over twenty capsules were measured to obtain an average size. Figure S4 ).
After incubation with the different proteins, the capsules were washed into PBS buffer and the relative amount of associated protein on the capsules was measured using flow cytometry ( Figure 7) . The results showed that (PDPA Alk ) 7 capsules had more associated fluorescent protein in all cases when compared to the other capsules, suggesting that PVPON Alk layers decreased the fouling behavior of the capsules. There were no observable differences in the fouling properties between (PVPON Alk ) 7 These results are in accordance with previous studies of the low-fouling behavior of PVPON surfaces. 18, 35 These data also prove that the inner PDPA layers have a minor effect on the capsule biofouling properties.
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Conclusion
We have assembled capsule systems with a pH-responsive, charge-shifting PDPA component as the inner layers and with low-fouling PVPON at the surface.
While PVPON Alk appeared to stabilize the pH-responsive behavior of PDPA Alk in hybrid capsules, we found that the charge-shifting behavior of PDPA improved the cargo encapsulation and initial retention of a model CpG cargo, and thus this property could be exploited for biomedical application. The presence of peripheral PVPON Alk in hybrid capsules improved the biofouling properties, highlighting the need to design carriers with low-fouling surfaces to avoid rapid blood clearance and increase blood circulation times. Therefore, a fundamental understanding of polymer multilayer films and capsules is paramount for the design and engineering of specific properties into polymer carriers to satisfy the criteria needed for effective therapeutic delivery.
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